Many substances in workplace do not have occupational exposure limits. The threshold of toxicological concern (TTC) principle is part of the hierarchy of approaches useful in occupational health risk assessment. The aim of this study was to derive occupational TTCs (OTTCs) reflecting the airborne concentrations below which no significant risk to workers would be anticipated. A reference dataset consisting of the 8-h threshold limit values-Time-Weighted Average for 280 organic substances was compiled. Each substance was classified into low (class I), intermediate (class II), or high (class III) hazard categories as per Cramer rules. For each chemical, n-octanol:water partition coefficient and vapor pressure along with the molecular weight were used to predict the blood:air partition coefficient. The blood:air partition coefficient along with data on water solubility and ventilation rate allowed the prediction of pulmonary retention factor and absorbed dose in workers. For each Cramer class, the distribution of the predicted doses was analyzed to identify the various percentile values corresponding to the OTTC. Accordingly, for Cramer classes I-III, the OTTCs derived in this study correspond to 0.15, 0.0085, and 0.006 mmol/d, respectively, at the 10th percentile level, while these values were 1.5, 0.09 and 0.03 mmol/ d at the 25th percentile level. The proposed OTTCs are not meant to replace the traditional occupational exposure limits, but can be used in data-poor situations along with exposure estimates to support screening level risk assessment and prioritization.
Workers in many industrial settings are exposed to a large number of existing, new or emerging organic substances that might impact their health. In this regard, atmospheric occupational exposure limits (OELs) are useful for the assessment of, and protection from, the potential health effects that may result from overexposure to airborne chemicals (ACGIH, 2016; ECETOC, 2006) . The OELs, specifically the threshold limit values (TLVs) refer to airborne concentrations of chemical substances and represent conditions under which it is believed that nearly all workers may be repeatedly exposed, day after day, over a working lifetime, without adverse health effects (http://www.acgih.org/tlv-bei-guidelines/tlv-chemical-substan ces-introduction). Many organic chemicals in the workplace do not have OELs and this has long been attributed to the lack of toxicity data (ECETOC, 2006; Gordon et al., 2014) . For instance, out of the several thousand organic substances that may be found in occupational settings, the American Conference of Governmental Industrial Hygienists (ACGIH) has recommended TLVs for only a small percentage of the universe of workplace contaminants as of 2016. When OEL for a chemical is not available or has not been developed, Deveau et al. (2015) described the usefulness of a number of alternative methods comprising a hierarchy, in which the lower level approaches would be associated with greater uncertainty and less resources keeping in perspective the purpose of the occupational risk assessment.
Typically, chemicals can be viewed as belonging to one of the 2 following categories depending on the availability of data required to confidently develop an OEL: data-poor and data-rich. In this latter case, well-established risk assessment methods exist for setting OELs; and they usually rely upon an integrated analysis of the critical health effects, dose-response relationship, and extrapolation methods (EC, 2013; Nielsen and Øvrebø, 2008; Paustenbach et al., 2011; Vincent, 1998) . However, this is not the case for data-poor chemical substances (ie, for which there is no or limited toxicity data). Even though many past efforts have focused to develop quantitative animalreplacement approaches for OEL setting of irritants (Abraham et al., 1990; Alarie et al., 1998; Debia and Krishnan, 2010; ECETOC, 2006; Gagnaire et al., 2002; Jakubowski and Czerczak, 2010; Kuwabara et al., 2007; Leung and Paustenbach, 1988; Luan et al., 2006; Nielsen et al., 2007; Schaper, 1993) , this is not the case with systemically acting noncarcinogenic workplace contaminants. For such chemicals, the following alternative methods have been applied in a limited manner for developing OELs: (1) readacross, (2) use of acute toxicity criteria and (3) quantitative structure-activity relationships (QSARs) (Debia and Krishnan, 2010; ECETOC, 2006; El-Harbawi and Trang, 2016) . Moreover, the occupational exposure banding (OEB) and the threshold of toxicological concern (TTC), representing qualitative to semiquantitative approaches, have also been proposed for providing screening values to support risk assessment and management (Deveau et al., 2015; ECETOC, 2006; Kroes et al., 2004; NIOSH, 2017) .
Although OEB (also referred to as hazard banding) assigns chemicals to specific categories based on their potency and adverse health effects, the TTC approach relies upon the chemical structure of data-poor substances to assign an exposure level or dose below which no significant risk to workers would be anticipated based on thresholds derived from distributions of potency drawn from a relevant toxicity database (Deveau et al., 2015; Felter et al., 2009; Kroes et al., 2000 Kroes et al., , 2004 . The TTC concept was first applied by Munro et al. (1996 Munro et al. ( , 1999 for the safety evaluation of flavoring substances. Based on the analysis of chronic toxicity data on 137, 28, and 448 nongenotoxic substances belonging to Cramer et al. (1978) structural classes I, II and III, respectively, Munro et al. (1996) derived human exposure TTC values of 30, 9, and 1.5 mg/kg body weight/day for oral exposure. These oral TTCs have been evaluated for use by several regulatory agencies (EFSA, 2012; Nielsen and Larsen, 2011; SCCS et al., 2012) . Also, they are integrated into the Kroes et al. (2004) decision tree and its extensions to facilitate a structured application of the approach. The TTC-based approach, well supported thus far for chronic exposure, has extensively been applied in the food and pharmaceutical industries to support risk assessment for general population exposed by ingestion (Kroes and Kozianowski, 2002; Mons et al., 2013; Munro et al., 1999) ; further efforts have focused on the dermal route (Kroes et al., 2007; Worth et al., 2012) , and inhalation route of exposure (Carthew et al., 2009; Drew and Frangos, 2007; Escher et al., 2010; Grant et al., 2007; Hennes, 2012; Schü ü rmann et al., 2016; Tluczkiewicz et al., 2016) . The application of TTC principle to the airborne chemicals thus far has not been based on human data or human exposure guidance values. In this regard, its application to occupational health risk assessment could involve an examination of the distribution of OELs that have been generated over several decades to be protective of worker health. But this has never been attempted as of yet. Therefore, the aim of this study was to derive occupational TTCs (OTTCs) based on distributional analysis of OELs in view of potentially identifying the exposure level or dose below which no significant risk to workers would be anticipated.
MATERIALS AND METHODS
For this study, a reference dataset of OEL values for 280 systemically acting organic chemicals was constructed. Then, their chemical structure information was used to assign the Cramer class ("OEL dataset and Cramer classification" Section), and estimate their daily dose in workers associated with the occupational exposure at the OEL level ("PRF and estimation of workers' daily dose" Section). Subsequently, as described in "Derivation of the OTTC values" Section, statistical analyses of the estimated daily doses were undertaken to identify the TTCs corresponding to 8-h occupational exposure (ie, OTTCs), and these threshold values were then converted to airborne concentrations for each of the 3 Cramer classes.
OEL dataset and Cramer classification. Figure 1 is a flowchart illustrating the steps that were followed for compiling a set of substances for this study. The TLVs of the American Conference of Governmental Industrial Hygienists (ACGIH) were chosen as the only source of OELs for the current analyses because they are known to be extensive and evolving, with a history of application around the world. ACGIH TLVs are health-based values, which are given with the indication of target organs such that we could readily identify those that are based on systemic effects. Furthermore, these TLVs represent a scientific opinion formulated following a review of existing peer-reviewed scientific literature in industrial hygiene, toxicology, occupational medicine, and epidemiology, regarding the level of exposure that the typical worker can experience without adverse health effects (http://www.acgih.org/tlv-bei-guidelines/tlv-chemicalsubstances-introduction). Of the 3 categories of values published by ACGIH, (1) 8-h TLV-Time-Weighted Average (8-h TLV-TWA), (2) TLV-Short-Term Exposure Limit, and (3) TLV-Ceiling, the 8-h TLV-TWAs were selected as the most suitable for application of the Cramer classification to systemically acting organic chemicals (EFSA, 2012; EFSA and WHO, 2016; Tluczkiewicz et al., 2016) . As such, only the TLV listed in the table from the 'Adopted Values' section of the TLV booklet published by the ACGIH in 2016 was sourced. The values in the "2016 Notice of intended changes" list (below the adopted values list) were not accounted for. Since the tables in the booklet lists both the TLV values and the adverse health effects used for their derivation, the identification of the type of adverse health effects (eg, systemic effects, irritation, sensitization) was performed by referring to the TLV basis column of the table. The 8-h TLVTWAs were noted with their original units, ie, either part per million (ppm) or mg/m 3 . Also, the Chemical Abstract Service Register Number (CASRN) was used as the preferred form for substances identification and those with CASRN not referring to a single substance or not recognized by the programs used for this work were not accounted for. Thus, out of the 508 chemicals with values of 8-h TLV-TWA, 139 chemicals were excluded from this analysis as their TLVs were solely based on irritation, sensitization, or dental erosion (ie, sucrose). Afterwards, the Kroes et al. (2004) 's decision tree, as revised by EFSA (2012) and EFSA and WHO (2016) was applied to the selected systemically acting noncarcinogenic organic chemicals for further analyses (Figure 1) .
Each organic substance identified in the section above was assigned to a Cramer structural class (I-III) using the software program Toxtree, version 2.6.13, which incorporates the original Cramer et al. (1978) 's decision tree and its extensions (EFSA and WHO, 2016; Tluczkiewicz et al., 2011) . Similar to previous work on food contaminants (Cramer et al., 1978; Kroes et al., 2004; Munro et al., 1996) , this work would indicate that Cramer class I consists of occupational contaminants of low order of toxicity, possessing simple structures and amenable to efficient metabolism to innocuous products; class II contains occupational contaminants that are less innocuous than those belonging to class I but without indication of potential toxicity that characterizes class III substances; and class III occupational contaminants represent those that are metabolized to potentially toxic reactive products and contain structural features that do not support presumption of innocuity or absence of risk to worker health. The result of the above classification of 280 systemically acting organic chemicals was compiled in Microsoft Excel, and it specifically included the chemical name, CASRN, OEL (ie, 8-h TLV-TWA) and Cramer class. Additionally, the following physicochemical properties were also included: molecular weight (MW), n-octanol:water partition coefficient (LogPow), vapor pressure (VP), and water solubility, and these were input parameters for computing the pulmonary retention factor (PRF) and absorbed dose in workers ("PRF and estimation of workers' daily dose" Section).
PRF and estimation of workers' daily dose. The TLVs refer to the atmospheric concentrations of chemical substances (ACGIH, 2016) . However, for systemically-acting inhaled compounds, the amount absorbed into systemic circulation is more relevant for toxicity assessment. As such, for each chemical in the reference dataset, a daily dose reflective of the fraction of the TLV-TWA absorbed by a worker while performing a light activity during a conventional 8-h workday (ie, the daily dose of a worker) was computed as follows (Jakubowski and Czerczak, 2009) : The PRF, used conventionally in the inhaled dose calculations as shown in equation (1), is generally assigned a default value of 100%. However, the absorption of inhaled chemicals highly depends on substance features such as blood:air partition coefficient, lipophilicity and water solubility among other factors (Jakubowski and Czerczak, 2009; Kuempel et al., 2015) . As such, the blood to air partition coefficients (P ba ) were used to predict the PRF as per Jakubowski and Czerczak (2009) 
Since the PRF can only take values between 0 and 1, all the chemicals from our dataset with predicted values of PRF higher or equal to 1 were assigned a PRF of 1 and those with a predicted value less or equal to the minimum of all the predicted values of PRF were assigned the minimum predicted value of 0.07. The only input parameter required for predicting PRF according to the QSAR approach of Jakubowski and Czerczak (2009) is P ba , for which several quantitative structure-property and property-property relationships (QPPRs) are available. For the purpose of this study, the following QPPR model of Buist et al. (2012) was chosen due to its applicability to humans, simplicity, relevant application domain and easily obtainable input parameters:
LogP ba ¼ 6:96 À 1:04 Â LogðVPÞ À 0:533 Â LogP ow À 0:00495 Â MW (5) where, P ba (unitless), blood:air partition coefficient; VP (Pa at 25 C), vapor pressure; P ow (unitless), n-octanol:water partition coefficient; MW (g/mol), molecular weight. The data on the MW (g/mol), VP (Pa at 25 C), LogPow (unitless) and the water solubility (WS; g/l) were obtained using U.S. EPA's EPI Suite, version 4.11. Since all the chemicals selected for analyses did not have experimental data on PRF and P ba , a subset of 27 substances with data for both of these parameters was compiled for comparison with the predictions obtained as per Jakubowski and Czerczak (2009) and Buist et al. (2012) . In effect, for the PRF, the means of the experimental values reported in Jakubowski and Czerczak (2009) were computed. However, the experimental data on P ba were obtained from the compilation of Buist et al. (2012) , with the missing values from Jakubowski and Czerczak (2009) .
Derivation of the OTTC values.
The OTTC values were derived similar to the approach initially proposed by Munro et al. (1996) for oral exposure. In their analyses, Munro and coworkers applied a 100-fold composite uncertainty factor to the fifth percentile of NOEL (subsequently referred to as NOAEL) for each structural class to translate this value into a human exposure threshold. In a similar manner, for each Cramer class, the cumulative distribution of the workers' daily doses (based on 8-h TLV-TWA) was constructed. However, contrary to Munro et al.'s use of a composite uncertainty factor (for intra-and interspecies extrapolations) for translating the rodent data-derived fifth percentiles into human exposure levels, such a factor was not used in this study since it was already accounted for while establishing the 8-h TLV-TWA for occupational exposure. Hence, the calculated percentiles were directly used as the basis for deriving estimates that would serve as thresholds of occupational exposure to chemicals belonging to each Cramer class, ie, the OTTCs. It should be noted that the calculations and comparisons of the worker daily doses associated with 8 h TLV-TWA were performed on a molar basis (mmol/d) in this study, contrary to all previous studies on TTC derivation that based their analyses of potency across the chemicals and classes on a milligram basis. Then, to allow comparison with the TTC values from other studies, the OTTCs were further converted in mg/person/day unit by means of eq. (6). Furthermore, the OTTCs (mmol/d) were then translated into air concentrations for workers using eq (7). All interconversions of OTTCs derived in this study were performed using a breathing rate for a work day of 10 m 3 along with the cor- 
Data and statistical analysis. The descriptive statistics were obtained for the dataset on 8-h TLV-TWAs and the worker daily doses. For the latter, the distributions and the corresponding parametric percentiles in the 3 structural classes were obtained. For that, the data were first graphically represented with boxplot. To assess the impact of the hazard class on the toxicity, the distributions of the workers' daily doses for each Cramer class were evaluated with several hypothesis tests. Thus, the normality of the workers' daily dose data from each structural class was initially verified by performing the Jarque-Bera test with a p value of .05 as the significance level. Since the normality tests were negative for both the distributions of daily doses and that of their logarithms, the distributions of the doses were then treated nonparametrically. As such, some distribution fittings were performed in order to assess which distribution fits better the data. This exercise resulted in the lognormal distribution being chosen over the Weibull and programmatically fitted to the workers' daily dose data. 
RESULTS

OEL Dataset and Cramer Classification
The application of the revised decision tree of Kroes et al. (2004) led to the removal of 89 substances that belonged to the exclusionary categories of the approach. Chemical figures among them are: 16 high potency carcinogens (genotoxics, aflatoxinlike, azoxy-, or N-nitroso compounds and benzidines), 43 organophosphates and carbamates, 2 polyhalogenated dioxins/ dibenzo furans and dioxin-like polyhalogenated biphenyls, 10 organometallics, 1 organosilicon compound, 3 allergens, 10 mixtures and 4 nonstructurally defined substances (Figure 1) . Further, from the category of carcinogens, the following 12 compounds with notations A1 ("confirmed human carcinogen") or A2 ("suspected human carcinogen") in the TLV booklet were ex- Overall, a reference dataset of 280 systemically acting and noncarcinogenic organic chemicals with 8-h TLV-TWA as well as data on physicochemical properties was compiled (see Supplementary Material). The chemicals represent a wide variety of molecular structures and toxicological endpoints (eg, liver toxicity, kidney toxicity, cardiovascular toxicity, pulmonary toxicity, neurotoxicity, reproductive toxicity and developmental toxicity). The 8-h TLV-TWAs ranged from 0.002 to 9000 mg/m 3 (mean 6 SD; 353 6 1032). Table 1 shows the descriptive statistics of the 8-h TLV-TWAs for the entire dataset and per Cramer class. The physicochemical properties domain of the dataset was broad: MW ranged from 28.01 to 431.10 g/mol (mean 6 SD; 147 6 89); log n-octanol:water partition coefficient from À2.82 to 8.55 (mean 6 SD, 1.92 6 1.84); log VP (Pa) from À9.05 to 6.62 (mean 6 SD, 1.76 6 3.20) and water solubility ranged from negligible to 1000 g/l (mean 6 SD, 114.54 6 275.23).
The Cramer classification of the chemicals in the OEL dataset constructed for this study resulted in assigning of 30% to class I, 4% to class II and 66% to class III. Similar allocation was previously reported for TTC derivation for the oral route (Munro et al., 1996) and inhalation route (Escher et al., 2010) for the general population.
PRF and Estimation of Workers' Daily Dose
For 23 out of 27 chemicals, the predicted human P ba values, on average, varied from the experimental values by a factor of 1.2 (range: 0.1-3.1). However, the QSAR predictions of P ba differed from the corresponding experimental values by factors of 10.5 for acrylonitrile, 20.4 for dimethylformamide, 69.2 for ethylene glycol monoethyl ether acetate, and 10.2 for nitrobenzene (Table 2) . Using these values of P ba , the predictions of PRF were obtained, which on average were within a factor of 1.1 (SD, 0.2, n ¼ 27) of the reported experimental values (Table 2 ). Due to the reasonable agreement between the predicted and empirical values of PRF for the subset of 27 chemicals, this parameter was then predicted for all the chemicals of the entire dataset to calculate the daily dose to the worker.
The predicted worker daily doses ranged from 2. Figure 2 and other visual checks, the value of 682.51 mmol/person/day (for carbon dioxide) from class I stood apart as an outlier and was therefore excluded for subsequent analyses. The boxplot also shows that (1) the doses for class I chemicals are higher than those from class III, (2) there is less variability among the calculated doses for class I chemicals as compared with class III, and (3) class II exhibits the highest variability. It appears that the medians of classes I and III are different, which is not the case for class II when compared with the other classes. The results from the Jarque-Bera test indicated that the distributions of the daily doses were not normal (p ¼ .001 for classes I and III; p ¼ .107 for class II). This normality test also indicated that the logarithm of the daily dose values from class I were not normally distributed. Even though the results for the logarithm of the daily dose values from classes II and III seemed to indicate normality, they were not significant (p ¼ .221). The chi-square goodness-of-fit test indicated that the daily doses were lognormally distributed at the 1% significance level (p ¼ .013) and this was confirmed by the one-sample Kolmogorov-Smirnov test. Since the notches from classes I and III in the boxplot (Figure 2 ) do not overlap, it can be assumed, with 95% CI that the true medians of the daily doses in each of these classes do differ. Indeed, the KruskalWallis test indicated that the distributions of the data from the classes I and III are statistically different (p ¼ 5.462 Â10 À15 ) from one another at 1% significance level (Table 3) . Additionally, the pairwise comparison results indicated a significant difference between the mean ranks of classes I and III (Table 3) . However, the mean ranks of these 2 classes were not significantly different from class II, as indicated by the 2-sample Kolmogorov-Smirnov test for classes II and III (p ¼ .896; statistic ¼ 0.067). Figure 3 illustrates the cumulative distribution function of the daily doses of occupational contaminants belonging to each Cramer class. Table 4 shows the 5th, 10th, and 25th calculated parametric percentiles from the empirical cumulative density function of the daily doses from each Cramer class. Since the calculated daily doses represent simple translation of the external exposure (ie, the 8-h TLV-TWA) into absorbed dose in workers, no uncertainty factor was applied in this study. Accordingly, for Cramer classes I-III, the OTTCs derived in this study correspond to 0.07, 0.004, and 0.003 mmol/worker/day at the 5th percentile level, while the values were 0.15, 0.0085, and 0.006 mmol/worker/day at the 10th percentile level. However, the difference between classes II and III was more marked at the 25th percentile level (0.09 and 0.03 mmol/worker/ day, respectively). TTC values based on combined distribution of values for classes II and III were similar to the individual class values obtained for class III (data not shown). Table 5 presents, for the 3 Cramer classes, the range of physicochemical properties covered by the chemicals belonging to the reference dataset.
Derivation of the Occupational Thresholds of Toxicological Concern
DISCUSSION
OELs are valuable benchmarks of maximum acceptable air concentrations meant for the protection of workers from overexposure to air-borne chemicals. With ever increasing number of new materials in commerce as well as developments in analytical techniques and engineering, many chemicals and chemical mixtures still do not have TLVs. A hierarchy of tools, representing different levels of data requirement, are available for application in occupational health risk assessment (Deveau et al., 2015) . They range from hazard banding approaches requiring the least amount of data to the health-based OELs requiring the most extensive data on physicochemical and toxicological characteristics of the chemical. For data poor chemicals lacking OELs, control banding has proven to be a pragmatic risk management tool for hygienists and this article focused on developing OTTCs based on distributional analysis of the TLVs of systemically acting noncarcinogenic chemicals.
The OTTCs developed in this study are based on the notion that an untested chemical would exhibit an airborne concentration below which no significant risk to workers would be anticipated and the OTTCs are to be used as part of a decision tree framework integrating information on occupational uptake of chemicals (Kroes et al., 2004) . The OTTCs can also be used as a part of the prioritization tools used in the context of integrated testing strategy for occupational toxicants or used as a screening level assessment tool to compare with predicted air borne concentrations associated with the proposed industrial applications of an untested chemical. In this regard, this work has allowed to classify systemically acting noncarcinogenic chemicals retrieved from the TLV database based on Cramer et al. (1978) for the first time.
The TTC principle originally developed and implemented for food contaminants was based on NOAELs for the oral route obtained for nonvolatile organic chemicals in animals (Kroes et al., 2004; Munro et al., 1996 Munro et al., , 1999 . But the current study developed OTTC values on the basis of TLV values for airborne contaminants established by ACGIH. Although the TTC approach used a composite uncertainty factor of 100 to account for interspecies (animal to human) and interindividual differences, the OTTC approach draws upon the inhalation concentrations corresponding to exposure limit values set for workers (the population of interest) such that no further uncertainty factors were applied. Moreover, while traditional TTC approach does not correct the dose for oral bioavailability or fraction absorbed, this study accounted for the fraction absorbed by the inhalation route using an empirical approach based on blood:air partition coefficients of chemicals (Jakubowski and Czerczak, 2009) .
Aside the deficiency of not accounting for the route-specific absorption fraction, most of the previous studies on inhalation TTCs have been challenged with the route, species, severity and duration adjustment issues as well as dealing with the reality of data of differing quality from multiple sources or laboratories and use of different classification schemes (Carthew et al., 2009; Drew, 2010; Drew and Frangos, 2007; Escher et al., 2010; Grant et al., 2007; Schü ü rmann et al., 2016; Tluczkiewicz et al., 2016) . This study, by focusing on the use of the TLV database as the sole data source, chose to use exposure limits developed for the population of interest which have evolved over the past several decades. One recent publication reported the derivation of internal dose-based TTC to facilitate route to route extrapolation, eg, oral to inhalation extrapolation of TTCs (Partosch et al., 2015) . These authors, by accounting for oral bioavailability, reported TTCs of 6.9 and 0.1 mg/kg/d (based on fifth percentile values) for class I and class II/III, whilst values based on the 10th percentile were 38.6 and 1.5 mg/kg/d, respectively. In this study, however, Partosch et al. (2015) combined the NOAELs from animal studies with predicted human bioavailability factors for developing the internal dose-based TTCs. Specifically, these authors assumed 100% oral bioavailability in animals but a lower oral bioavailability in humans as determined with a QSAR approach. The animal-human differences in metabolism or other kinetic determinants of these substances were not taken into account. Evidently, assuming 100% bioavailability of the oral NOAELs is the least health protective or the most uncertain option, because the critical point of departure representing the starting route for the extrapolation is not corrected for bioavailability or first pass effect. Therefore, the internal dosebased TTC derived by Partosch et al. (2015) is not directly relevant or comparable to the OTTCs for the inhalation route derived in this study. The direct comparison of the OTTC values from this study with the TTC values of Kroes et al. (2004) is not straight forward either, because of 3 factors: (1) inhalation-oral route differences in absorption, (2) duration of exposure (7 d/wk, 24 h/d for general population vs 5 d/wk, 8 h/d in workers) and (3) the component of sensitive subpopulation (elderly, pregnant women, infants, etc.) covered with the use of a factor of 10 in the TTC approach in contrast to the TLVs used in this study for deriving OTTC which do not routinely comprise of such a factor. However, for the purpose of indicative comparison, NOEL values of 3, 0.9, and 0.15 mg/kg/d for the 3 classes identified by Kroes et al. (2004 Kroes et al. ( , 2007 was very small compared with the recommended OELs for these substances (ranging from 191 to 1210 mg/m 3 ), an alternative method was described by ECETOC (2006) , in which the uncertainty factor of 100 was removed. Therefore, the resulting OTTC was 100 times greater than the initial values. For example, for acrylic acid, using a TTC value for class II along with a human BW of 60 kg and breathing rate of 10 m 3 , the following OEL was derived: 0.9 Â 60/10 ¼ 5.4 mg/m 3 (instead of 0.054 mg/m 3 obtained with adjustment for inter-and intraspecies differences). Both approaches used by ECETOC (2006) are questionable, since no adjustment for inhaled fraction or oral bioavailability was made, and the magnitude of uncertainty factors used was either 1 or 100 (not defensible for application to worker population). The TTCs are intended for use as a lower tier approach in data-poor situations. As such, instead of comparing the OTTCs with OEL (ECETOC, 2006) , the more appropriate approach would be to integrate them within a decision tree that considers the worker exposure associated with intended uses of the given chemical. When the estimated exposure level is well below the TTC for the structural class to which the chemical belongs, then there is no concern of safety or indication of a high priority for immediate testing or resource-intensive detailed evaluation. However, when the estimates of exposure or dose to worker are higher than the TTC benchmark for a given Cramer class, then it requires additional focused evaluation of exposure and toxicity, just as has been done with flavoring substances (Kroes et al., 2005; Munro et al., 2008) . For the occupational contaminants, the OTTC benchmarks for comparing with the worker exposure (dose) estimates were developed for the 5th, 10 th , or 25th percentiles in this work. If the worker exposure (or dose) is below the chosen percentile value (5, 10, or 25 as the case may be), then there is no justifiable safety concern or priority to conduct more detailed testing to generate compound-specific data or give priority to that particular chemical relative to other candidate chemicals which may need to be tested. Even though the use of a lower percentile OTTC will ensure that there are less outliers, it will not serve the overall purpose of saving resources and efficiency in data-poor situations (NCM, 2005) . Although choosing an appropriate percentile in order to screen out a given chemical, pragmatic considerations should be given to the type of worker population, context of chemical use and entity (ie, workplace/authority) that performs the screening.
CONCLUSION
In conclusion, this work has demonstrated the application of the TTC type analysis to the TLV data for airborne systemically acting organic chemicals. To our knowledge, this is the first attempt in applying the TTC principle for screening level occupational health risk assessment in the absence of relevant animal toxicology studies or occupational hazard data. The TTC principle and data developed in this study are useful for application with data-poor compounds, consistent with paradigm shift towards the 3 R principles (ie, reduction, refinement, replacement of animal use) and use of intake estimates for screening level assessments of occupational contaminants.
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